Abstract-A 2-D matrix ultrasound array is used to monitor acoustic radiation force impulse (ARFI) induced shear wave propagation in 3-D in excised canine muscle. From a single acquisition, both the shear wave phase and group velocity can be calculated to estimate the shear wave speed (SWS) along and across the fibers, as well as the fiber orientation in 3-D. The true fiber orientation found using the 3-D radon transform on B-mode volumes of the muscle was used to verify the fiber direction estimated from shear wave data. For the simplified imaging case when the ARFI push can be oriented perpendicular to the fibers, the error in estimating the fiber orientation using phase and group velocity measurements was and (mean standard deviation), respectively, over six acquisitions in different muscle samples. For the more general case when the push is oblique to the fibers, the angle between the push and the fibers is found using the dominant orientation of the shear wave displacement magnitude. In 30 acquisitions on six different muscle samples with oblique push angles up to 40 , the error in the estimated fiber orientation using phase and group velocity measurements was and , respectively, after estimating and accounting for the additional unknown push angle. Either the phase or group velocity measurements can be used to estimate fiber orientation and SWS along and across the fibers. Although it is possible to perform these measurements when the push is not perpendicular to the fibers, highly oblique push angles induce lower shear wave amplitudes which can cause inaccurate SWS measurements.
I. INTRODUCTION

S
HEAR wave imaging is a promising technique for the noninvasive quantification of tissue stiffness. Shear waves in the body can be induced by a variety of methods, including physiological motion [1] - [4] , external mechanical excitation [5] - [7] , or acoustic radiation force [8] - [11] . By monitoring the shear wave speed (SWS) using a real-time imaging modality such as magnetic resonance imaging (MRI) [5] , [6] , [12] or ultrasound [7] - [11] , the underlying tissue stiffness can be estimated under simplifying assumptions of the tissue mechanical properties. This technique has been used to study various types of soft tissues, including liver [5] , [7] , [13] - [15] , breast [16] , [17] , cardiac tissue [1] , [18] , [19] , skeletal muscle [20] , [21] , artery [2] , kidney [22] , cornea [23] , and brain [24] - [26] . Shear wave imaging in skeletal muscle presents unique challenges due to its dynamic nature and its physical structure. Skeletal muscle is composed of thin fibers (myocytes) grouped together in bundles called fasciculi [27] . These fibers align parallel to each other in a regularized pattern to form the overall muscle. Due to this geometric structure, the mechanical properties of muscle are different along the fibers than across the fibers. As a result, the SWS in muscle is anisotropic, and dependent on the direction of propagation with respect to the fiber orientation, which confounds SWS measurement in muscle in two ways. First, the muscle fiber orientation is not usually precisely known in the shear wave imaging coordinate system. Second, the usual assumption of isotropy used in SWS based shear modulus reconstruction techniques does not apply.
Previous work in shear wave imaging in muscle includes both magnetic resonance elastography (MRE) studies, which use MRI for monitoring shear waves, and ultrasound-based techniques. MRI has the advantages of being able to acquire data in 3-D and measure displacement fields with equal sensitivity in any direction. However, the long acquisition time required (on the order of minutes) means that most MRE studies are limited to data from a single 2-D plane of the anatomy [21] , [28] , [29] . Another drawback of MRE is the complexity of wave fields induced in muscle by the external mechanical vibrators typically used for shear wave generation [30] - [32] , which make the reconstruction of elastic parameters a challenging task. At present, the majority of MRE studies measure muscle stiffness only in the fiber direction [28] , [29] , [32] , [33] , while assessments of anisotropy are limited [21] , [31] .
In comparison to MRI, the use of ultrasound for shear wave imaging has several advantages, including short acquisition times (within seconds), portability, reduced cost, and the ability to generate shear waves in tissue using acoustic radiation force with the imaging transducer [11] . Early studies in muscle with ultrasound-based shear wave imaging were performed using mechanical actuators for shear wave generation [10] , [34] - [36] , and more recently with acoustic radiation force [20] , [37] . However, like most MRE techniques, shear wave propagation 0278-0062 © 2013 IEEE in only a single plane can be observed using conventional ultrasound, which form cross-sectional image slices. This limits its ability to characterize the anisotropic properties of muscle, which is 3-D in nature. Some studies seek to minimize the effect of anisotropy on SWS measurements in muscle by consistently orienting the transducer imaging plane with respect to the fiber and limiting measurements to a single direction [35] , [36] . In other studies, anisotropy has been characterized by modulating either the excitation source of the shear wave [34] , [38] , or the position of the imaging transducer [20] . A common drawback in these approaches is that the actual fiber orientation relative to the imaging plane is not known precisely, and is estimated by manual inspection of the appearance of fasciculi in B-mode. More recently, Lee et al. [18] have shown that it is possible to accurately estimate the fiber orientation in the myocardium from the SWS measured in multiple directions using a transducer mounted on a custom rotation device.
Two-dimensional matrix array ultrasound transducers are becoming increasingly available on the latest generation commercial ultrasound scanners. In contrast to conventional 1-D ultrasound arrays, these transducers are capable of electronic beamforming in both the lateral and elevation dimensions to facilitate 3-D imaging at high frame-rates. As a result, it is now possible to monitor shear wave propagation in a 3-D volume using ultrasound without the need for multiple acquisitions or specialized devices for repositioning and physical registration of the probe [39] . The ability to monitor shear wave propagation in 3-D overcomes the limitations inherent in characterizing muscle anisotropy from 2-D images.
In this study, a 2-D matrix array is used to image shear wave propagation induced by acoustic radiation force impulse (ARFI) in ex vivo muscle. The SWS along and across the fibers, as well as the fiber orientation in 3-D is measured from a single 3-D shear wave acquisition without the need to modulate the source of the shear wave or reposition the probe. Section II of this paper presents a theoretical background on shear wave propagation in muscle. Section III describes the experimental procedures used for data acquisition, methods used for anisotropic SWS estimation and fiber orientation measurement from 3-D shear wave data, aswellasevaluationofthetrue3-D fiberorientationfrom highresolution B-mode ultrasound. The 3-D fiber orientation estimated from 3-D shear wave data is compared to the true fiber orientation measured from B-mode in Section IV. It is shown that measurement of the SWS along and across the fibers, as well as the fiber orientation, is possible even when the axis of the ARFI excitation (push) is not oriented directly perpendicular to the fibers.
II. SHEAR WAVE PROPAGATION IN MUSCLE
As illustrated in Fig. 1 , the parallel arrangement of muscle fibers give rise to an axis of symmetry along the fiber direction. In the coordinate system to be used throughout this paper, this axis will be assigned the three-direction ( ). The muscle mechanical properties are assumed to be invariant under rotation about this axis. Thus, isotropic behavior is observed in "planes of isotropy" (the 1-2 dimensions). In contrast, "planes of symmetry" parallel to this axis contain directions varying from parallel to perpendicular to the fibers, and display anisotropic behavior. This type of material symmetry can be described by a Fig. 1 . Coordinate system used for modeling muscle as a transverse isotropic material. Orthonormal basis vectors , , and form a right-handed coordinate system. Muscle fibers are parallel to the direction, which is an axis of symmetry. Mechanical properties are isotropic within planes of isotropy perpendicular to this axis, whereas anisotropic behavior is observed in planes of symmetry parallel to this axis.
transverse isotropic (TI) model of elasticity [40] . It is the simplest model of anisotropy, and represents an attractive one to use to describe the mechanical properties of muscle [34] . The governing equations for shear wave propagation in a TI material are developed in the following subsections.
A. Wave Propagation in Transverse Isotropic Media
Wave propagation in TI materials has been extensively studied in geophysics and crystal acoustics [41] , [42] . The wave equation in a TI material can be derived from three fundamental relations: 1) the strain-displacement relation, 2) the constitutive equation relating stress and strain, and 3) the equation of motion (Newton's second law). For compactness, this paper will use indicial notation, where subscript indices can take on the values 1, 2, or 3, and repeated indices follow the Einstein summation convention [40] . Let denote the particle displacement in an elastic medium. The infinitesimal strain tensor is then given by
The constitutive equation for a linear elastic solid is (2) where is the stress tensor, and is the elasticity tensor. For a TI material, the elasticity tensor contains only five independent parameters and (2) can be expressed in Voigt notation by (3) where and only the nonzero components are shown. The equation of motion in the absence of body forces is (4) where is the divergence of the stress tensor and is the material density (assumed to be for muscle). The wave equation is obtained by substituting(1) and (2) into (4) (5) To solve the wave equation, assume plane wave solutions of the form (6) where are components of the particle displacement vector , the angular frequency, time, components of the wave number vector , and spatial coordinates. Due to symmetry of the material properties about , the and directions are equivalent and arbitrary. Therefore, without any loss in generality, we can set , and only consider wave propagation in the 1-3 plane. Substituting (6) into (5) with yields (7) where (8) are components of a unit vector normal to the wavefront, and is the scalar phase velocity associated with the direction . Equation (7) is known as Christoffel's equation, and has the form of an eigenvalueeigenvector problem. It has three independent solutions, corresponding to three different wave-modes. The direction of particle motion , or "polarization" for each wave-mode corresponds to an eigenvector of the Christoffel matrix , while the phase velocity can be deduced from the associated eigenvalue. It is clear from (8) that the phase velocity of the waves depend on the direction of propagation , and elastic constants of the medium. Furthermore, since is symmetric, the three wave-modes have mutually orthogonal directions of polarization.
One obvious solution of (7) is to set and . Doing this, one obtains (9) where is an arbitrary constant. The polarization of this wave is in the two-direction, which is perpendicular to its direction of propagation (the 1-3 plane). Thus, this mode corresponds to a pure shear wave. Equation (9) can be rewritten as (10) where is the angle of wave propagation with respect to the fibers in the propagation plane.
Since the three wave-modes have mutually orthogonal directions of polarization, the other two modes are obtained by set- Fig. 2 . Phase and group velocity measurement for a wave emitted from a point source in an anisotropic medium. Phase velocity direction ( ) is always perpendicular to the wave front, and its magnitude ( ) corresponds to how fast a plane wave would travel in that direction. The group velocity is measured in the direction of the ray from the source to the observer ( ). Its magnitude ( ) corresponds to how fast a wave packet consisting of plane waves in many directions would travel in that direction. Note that the vectors on this diagram indicate directions only and are not drawn to scale. ting in (7) . Their polarizations lie within the plane of propagation (the 1-3 plane). The expressions for the phase velocities of these two modes are algebraically complex, and the reader is referred to [41] , [42] for a detailed treatment. In general, the polarization of these two wave-modes are neither purely perpendicular or parallel to the direction of propagation. The mode which has polarization closest to being perpendicular is usually referred to as the "quasi-transverse" mode, the other "quasi-longitudinal." In this study, the generation of these two wave-modes are minimized by orienting the axis of the ARFI push close to perpendicular to the muscle fibers, as will be described later. In addition, the quasi-longitudinal wave phase velocity is three orders of magnitude greater than that of a shear wave in a nearly incompressible material such as muscle, and cannot be observed using ultrasonic imaging.
B. Phase Velocity and Group Velocity in Anisotropic Media
An important concept in anisotropy is the distinction between phase velocity and group velocity . To understand the difference between them, consider a point source radiating plane waves equally in all directions in an nondispersive anisotropic medium as shown in Fig. 2 . For an observer at some arbitrary location, one method to determine the velocity of the wave is by measuring its transit time between the source and the observer, and noting the distance between the two points. The velocity measured in this fashion is the group velocity, the magnitude of which we will denote by (the subscript stands for ray). It corresponds to how fast a wave packet, consisting a superposition of plane waves in different directions, would travel along the ray direction from the source to the observer. The polar graph of versus is known as the wave surface, and represents a snapshot of the wave at unit time excited by a point source.
If, on the other hand, the location or timing of the source were unknown, it is still possible for the observer to measure a speed and a direction for the wave by comparing its arrival-times at several adjacent locations in the surrounding local domain. By limiting the observation of wave travel to a small region of space in this fashion, an individual phase of the wavefront is monitored. This is because on a sufficiently small scale, any wavefront will appear to be a plane wave. The speed measured by this method is thus the phase velocity introduced in Section II-A, the magnitude of which we have denoted by , and direction by (the subscript stands for wave). It corresponds to how fast a plane wave would travel in a given direction. The polar plot of versus is known as the velocity surface, and unlike the wave surface described above, has no simple physical interpretation.
In a nondispersive isotropic medium, the phase and group velocities are identical. However, in an anisotropic medium, the phase and group velocity magnitudes in the same direction are in general not equal. In fact, group velocities can have multiple values in the same direction, whereas the phase velocity is always a single valued function of direction [42] . In addition, at any location on a nonplanar wavefront, the phase and group velocity directions are also generally different. The phase velocity direction is by definition perpendicular to the wavefront, while this is not necessarily the case for the group velocity direction .
It is worth noting that phase and group velocity are general concepts. The differences between the two types of speed measurements can be due to any mechanism which causes the wave velocity to vary over homogeneous media. This includes dispersion due to viscosity, where the speed varies with frequency, as well as anisotropy, where the speed varies with direction. The effect of viscosity on phase velocity can be quantified using a technique such as Fourier spectroscopy [43] . This method uses the Fourier transform to separate and measure the speed of individual frequency components of a broadband shear wave. The isolation of individual plane wave components emitted by a point source as described here is an analogous concept for anisotropic media. To account for the effects of both viscosity and anisotropy in phase velocity measurements, both Fourier spectroscopy and analysis of wave propagation over small spatial domains where the wave front is locally planar can be applied concurrently. In this paper, the effects of viscosity will be neglected as a first order approximation, and the terms phase and group velocity will be used in the context of anisotropy only.
The phase velocity of shear waves in TI media was derived Section II-A and shown in (10) . The group velocity may be found from the phase velocity using the transformation [42] (11)
For shear waves in TI media, substitution of (10) into (11) leads to the following expression for the group velocity:
The shear wave phase and group velocities parallel ( ) and perpendicular ( ) to the fibers are equal and are given by
The elastic constant is also known as the longitudinal shear modulus, and the transverse shear modulus. The wave and velocity surfaces for a shear wave in a typical muscle-like TI material are shown in Fig. 3 . As it can be seen, the wave surface is an ellipse, while the velocity surface has a figure-eight shape (mathematically known as a hippopede, or "horse-fetter" curve).
III. METHODS
It can be seen from the previous section that measurement of the SWS along and across muscle fibers allows one to quantify the TI elastic constants and (the longitudinal and transverse shear moduli). The following subsections will describe how the SWS along and across the fibers, as well as the 3-D fiber orientation, can be estimated by monitoring shear wave propagation using a 2-D matrix array transducer in ex vivo muscle samples. The methods used for independent verification of the true 3-D fiber orientation in these samples are also presented.
A. Experimental Setup
An annular focused HIFU piston transducer (H-101, Sonic Concepts, Bothell, WA, USA) was used to induce shear wave propagation with acoustic radiation force. The push was a 400 cycle, 1.1-MHz pulse with a derated intensity of focused at 63.2 mm axially from the radiating surface of the HIFU transducer with a F/1 focal geometry. A 2.8 MHz 2-D matrix array transducer (4Z1C on an SC2000 scanner, Siemens Healthcare, Ultrasound Business Unit, Mountain View, CA, USA) inserted in the 38.1-mm-diameter central opening of the HIFU piston was used for monitoring the resulting shear wave displacement in 3-D [44] . This transducer contains 48 36 (lateral elevation) square elements 0.4 mm in dimension. A 72 72 (lateral elevation) rectangular grid of tracking beams was used for shear wave tracking. At an axial depth of 60 mm in 4Z1C coordinates, which is close to the HIFU push focus when the two transducers are coupled, these beams give a coronal field-of-view (FOV). The push axis was located at the center of this grid so that the SWS in all directions away from the push could be measured. 64:1 parallel receive was used to beamform a grid of 8 8 beams on every transmit so that only 81 transmits were required to interrogate the entire grid of 72 72 beams. No form of compounding was used to improve the B-mode resolution or signal-to-noise ratio. Shear wave displacement was monitored by repeating the push, and sequentially monitoring each of the 81 parallel receive beam groups in turn, until data from the entire FOV was acquired. Thus, 81 ARFI excitations in total were required to acquire data over the 3-D volume. The time interval between pushes was 22 s, and was limited by the data transfer rate on the SC2000, and not any physical ultrasonic imaging constraints. This results in a total acquisition time of 30 min for the entire FOV. A frame rate of 7.7 kHz was used to image shear wave dynamics, and the total tracking duration was 16 ms. Axial displacement along each beamline was measured using a zero-phase displacement estimation algorithm [45] . Shear wave imaging was performed on six freshly excised canine muscle samples from the thigh (semimembranosus, semitendinosus) and buttocks (gluteus medius). The samples were embedded in an agar gel with minimal acoustic attenuation and a speed of sound of approximately 1540 m/s [46] , as shown in Fig. 4 . The agar blocks were immersed in a water-bath during shear wave imaging to provide a standoff so that the push from the HIFU transducer could be focused in the muscle. A single acquisition was performed on each sample with the push axis approximately perpendicular to the fibers, which were visible to the naked eye. As shown in Fig. 5 , this corresponds to a push axis in the two-direction, and shear wave propagation in the 1-3 plane ( and are of course arbitrary and interchangeable). In this configuration, shear wave propagation is induced in a plane of symmetry, and can be directly viewed in a coronal plane of the 2-D matrix array image coordinates. To investigate whether it is possible to estimate the fiber orientation for the more general case when the push is not perpendicular to the fibers, four additional shear wave acquisitions on each sample were also performed with the push oblique to the fibers by tilting the 4Z1C and HIFU probe, as shown in Fig. 5 . In this paper, the angle of the push relative to the fibers ( , as shown in Fig. 5 ) will be expressed as an offset from (i.e., for a perpendicular Fig. 5 . Shear wave imaging setup. 4Z1C and HIFU probe were orientated so that the push axis (shown by the arrow) is perpendicular to the fibers, as shown on the left . In this configuration, shear wave propagation in a plane of symmetry can be directly observed in the coronal plane of the shear wave imaging coordinate system (shown by the dashed plane). Additional acquisitions were performed with the push oblique to the fibers by tilting the 4Z1C and HIFU probes, as shown on the right . push). The maximum push tilt angle used was approximately .
B. SWS Measurement for Push Perpendicular to Fibers
As shown in Section II-A, when the push axis is perpendicular to the fibers (i.e., a push angle of 0 ), shear waves are induced in the plane perpendicular to the push. In this simplified imaging case, the coronal plane of the 2-D matrix array image coordinates directly correspond to the orientation of the plane of symmetry in which the shear wave propagates. Fig. 6(a)-(c) shows the shear wave displacement amplitude in a muscle sample at three time steps after ARFI excitation perpendicular to the fibers. Within the coronal plane at the push focus, the shape of the wave front appears elliptical, similar to the wave surface predicted by (12) and shown in Fig. 3 . Indeed, the ARFI excitation from the HIFU piston is axisymmetric within this plane and can be considered a point source. Monitoring shear wave propagation in 3-D thus allows direct access to the shear wave group velocity in all directions. In addition, the shear wave phase velocity in all directions can also be estimated, as will be shown below.
In this paper, the effects of viscosity on SWS estimation in muscle are neglected as a first order approximation. The shear wave arrival-times at all locations were measured by finding the time-to-peak (TTP) of the displacement time profile [47] . Fig. 1(b) shows the shear wave arrival-time in the coronal plane at the push focus for the data-set shown in Fig. 6(a)-(c) . The axial resolution of the arrival times was 0.6 mm and no averaging of the displacements or arrival-times were performed axially over the push depth-of-field. Group velocity measurement was performed by examining the arrival-time profiles within this plane along rays from the push, which is the source of the shear wave. The inverse slope of the profile gives the group velocity for the corresponding ray direction . The group velocity was calculated for ray angles from 0 to 360 in 1 steps. For the wave arrival-times in Fig. 7(b) , the group velocity in all directions is shown in Fig. 7(d) .
As mentioned in Section II-B, the phase velocity can be measured by considering wave propagation over a small spatial region where the wavefront is approximately planar. This was done by estimating the local spatial derivative of the shear wave The push axis is parallel to the axial direction and is centered at the origin in the lateral and elevation dimensions. Data from the coronal plane at the push focus, outlined by the dashed lines, is projected onto the bottom of the figures. This plane corresponds to the plane of symmetry in which shear wave propagation occurs when the push is perpendicular to the fibers in (a)-(c). For this push orientation, the SWS and fiber direction can be directly estimated from data in this plane. In (d)-(f), the push is oblique to the fibers. From the perspective shown, the fibers have been rotated in the clockwise direction relative to the imaging coordinates. In this case, the tilt angle for the plane of symmetry must also be estimated. arrival-time. The arrival-time data was first smoothed by convolving with a 3-D Gaussian kernel with a standard deviation of 1.75 mm. The scale of this filter was chosen to suppress noise from high spatial frequencies but still provide a sufficiently localized estimate of the derivative. The spatial derivatives were then calculated at every location using finite differences. Fig. 7(c) shows the estimated gradient direction and magnitude at selected points in the coronal plane at the push focus for the data-set in Fig. 6(a)-(c) . Note that the gradient vectors are 3-D and have been projected onto this plane. The average angle between the gradient vectors and the plane was 10 , and the small out-of-plane components in the axial dimension were neglected. At any location, the gradient direction corresponds to the phase angle , and the inverse gradient magnitude corresponds to the phase velocity . The average phase velocity over all locations in the plane as a function of phase angle from 0 to 360 in 1 bins is shown in Fig. 7(d) .
The fiber orientation, as well as the SWS across and along the fibers can be estimated by fitting either the shear wave phase or group velocity curves defined in (10) and (12) to the corresponding SWS measured within the plane of symmetry. Nonlinear least-squares curve fitting was performed using the Levenberg-Marquardt algorithm. Outlier speed measurements were discarded using random sample consensus (RANSAC) [48] . The phase and group velocity curves fit to the corresponding speed measurements are shown in Fig. 7(d) . The fiber orientation can be estimated from the angle of the major axes of orientation is estimated by fitting an ellipse to the measured group velocity or a hippopede to the phase velocity. Orientation of the major axis of the fit corresponds to the fiber direction, while the length of the major and minor axes gives the SWS along and across the fibers, respectively. Estimated SWS along the fibers from phase and group velocity measurements in this case was 5.5 m/s and 5.3 m/s, respectively, and across the fibers was 2.8 m/s and 2.7 m/s, respectively. the fitted curves, while the length of the major and minor axes give the SWS along and across the fibers, respectively. Theoretically, the fiber orientation and SWS along and across the fibers estimated from phase and group velocity measurements should be the same. Fig. 6(d)-(f) shows the shear wave displacement amplitude in a muscle sample at three time steps after ARFI excitation oblique to the fibers. For this imaging scenario, shear wave propagation is still induced by the component of the push perpendicular to the fibers. However, the plane of symmetry in which shear wave propagation occurs is no longer the same orientation as the coronal plane of the image coordinates, as in Fig. 6(a)-(c) .
C. SWS Measurement for Push Oblique to Fibers
To estimate the fiber orientation when the push is not perpendicular to the fibers, the orientation of the plane of symmetry in which shear wave propagation occurs must be found in addition to the direction of the fibers within this plane. This was done by estimating the dominant spatial orientation of the shear wave displacement amplitude using the iterative procedure shown in Fig. 8 , and summarized as follows. In the first iteration, the coronal plane is used as an initial guess for a plane of symmetry. The SWS is measured in this plane as described in the previous subsection using either the group or phase velocity. The angle of the 3-D phase velocity vectors out of the coronal plane for oblique pushes were larger than for the perpendicular push cases, but was still on average below 25 over the entire coronal plane in all data-sets. Thus, sampling the arrival-times in the coronal plane still allows an approximation of the true SWS to be calculated. Next, the direction perpendicular to the fibers (the direction with the smallest speed) is estimated by fitting an ellipse or hippopede to the measured speeds in the coronal plane, as shown in Fig. 9(b) . This direction is invariant under a rotation between the push and the fibers and corresponds to the axis of rotation (AOR) for the tilt angle. Then, the shear wave displacement amplitude at spatial locations in the plane perpendicular to this axis is found, as shown in Fig. 9(c) . The displacement amplitude was measured using the maximum displacement 2-9.6 ms after ARFI excitation to avoid the initial high amplitude displacements within the region of excitation (ROE) not associated with shear wave propagation. The 2-D radon transform (2-D RT) of this data is then computed. The peak of the 2-D RT is used to find the line which maximizes the sum of the displacement amplitude along its length, as shown in Fig. 9(c) . The orientation of this line gives an updated estimate of the fiber direction, and the plane passing through the line and the AOR gives an new estimate for the plane of symmetry. This plane is then used as the input in another iteration Fig. 9 . Finding the plane of symmetry for an acquisition where the push was oblique to the fibers. The coronal plane at the push focus, illustrated by the plane with the solid outline in (a), is used as an initial guess for a plane of symmetry. (b) Phase velocity measured in the coronal plane. Direction perpendicular to the fibers can be estimated by fitting a hippopede to the phase velocity in this plane and finding its minor axis, which is shown by the arrow in (a) and (b). This direction corresponds to the axis of rotation (AOR) for the tilt between the push and the fibers. Alternatively, the AOR can be estimated from group velocity measurements and fitting an ellipse. (c) Shear wave displacement amplitude in the plane orthogonal to the AOR. The orientation of this plane is shown in (a) by the dashed lines. AOR [arrow in (a) and (b)] points out of the page in (c) and is shown by the circled dot. White dashed line shows the fiber direction estimated by finding the dominant orientation of the displacement amplitude in this plane using the 2-D radon transform (2-D RT). The plane passing through this line and the AOR gives an updated estimate for the plane of symmetry. SWS and the AOR is recalculated using data in this plane and another iteration is performed if the AOR differs by more than 1 . Algorithm converged in two iterations for this example and the estimated tilt angle was 19.9 , whereas the true angle measured from the separate high-resolution B-mode validation experiment was 19.5 . of the algorithm to further refine the fiber orientation estimate. Each iteration generates a new estimate for the plane of symmetry using the AOR from the previous iteration, and the AOR is updated using the SWS in the new plane. The algorithm terminates when the change in angle between the AOR estimated in successive iterations is less than 1 . The SWS and principle axes computed from the plane of symmetry in the final iteration is returned.
D. Fiber Orientation From B-mode
To independently verify the muscle fiber orientation estimated from shear wave imaging, B-mode ultrasound volumes of the samples were used to measure fiber orientation. Individual fasciculi can be identified on B-mode as hypoechoic cylindrical structures, surrounded by thin, linear hyperechoic connective tissue called the perimysium [27] . Unfortunately, due to the low frequency of the 4Z1C matrix array (2.8 MHz), these structures were not clearly apparent in the B-mode volumes acquired during shear wave imaging. Therefore, the muscle samples were scanned using a 14MHz 1-D array (14L5 on the S2000 scanner, Siemens Healthcare, Ultrasound Business Unit, Mountain View, CA, USA). The 14L5 was mechanically swept over the samples using a translation stage (Model MM3000, Newport Corporation, Irvine, CA, USA) in 0.1 mm steps to obtain high-resolution 3-D B-mode volumes of the samples, an example of which is shown in Fig. 10(a) .
To register the 14L5 volumes to the 4Z1C shear wave imaging coordinates, the location of 1-mm-diameter chrome steel bearing balls embedded in the agar surrounding the muscle were identified in the 14L5 and 4Z1C B-mode images. These balls can be seen in Fig. 4 , and appear in B-mode as point targets, as shown in Fig. 11 . Their locations were determined by manually identifying the region of interest surrounding the target, thresholding, and calculating the image centroid. The 14L5 and 4Z1C volumes were rigidly registered by minimizing the square of the distance between the corresponding point target locations [49] , as shown in Fig. 11(c) . Approximately 20 balls were used as targets for registration for each sample, and the root mean square (rms) target registration error was typically under 2 mm.
Automatic measurement of muscle fiber orientation in 2-D B-mode images has previously been performed using the radon transform [50] , [51] . In this study, the approach used by Rana et al. [50] was extended to 3-D. To enhance the linear structure of the perimysium surrounding the fasciculi and suppress speckle noise, the 3-D multiscale vessel enhancement filter described by Frangi et al. [52] was applied to the 14L5 B-mode. First, the image was convolved with 3-D Gaussian kernels with standard deviations of 0.1, 0.3, and 0.5 mm to provide smoothing at different scales. The eigenvalues of the 3-D Hessian matrix of the smoothed images, which provides information on the shape of curvature changes in the image, were then analyzed using the vesselness function defined in [52] . The thresholds , , and were used in the vesselness function to maximize the filter response for the hyperechoic perimysium. This was repeated at every voxel for the three different scales, and the maximum response across the different scales was used as the filter output. The B-mode volume in Fig. 10(a) after filtering is shown in Fig. 10(b) .
To determine the predominant orientation of the fibers, the 3-D Radon Transform (3-D RT) of the 14L5 B-mode after line enhancement filtering was computed for all possible 3-D orientations. For each orientation, the 3-D RT is computed by projecting a 2-D grid of parallel rays from that angle onto the volume. The integral of the volume voxels along each ray is recorded. The output of the 3-D RT for that orientation is the 2-D image formed by all the rays in the grid. The 3-D RT was calculated for spherical angles of (inclination), and (azimuth), which constitutes a hemisphere. Note that angles on only one half of a sphere need to be considered since view-points on opposite sides (antipodes) give the same 3-D RT. When the 3-D RT orientation matches the predominant fiber angle, the output image will have high values where the rays are coincident to the hyperechoic perimysium, and low values where they pass through the hypoechoic fasciculi. In contrast, when the 3-D RT orientation is not aligned with the fibers, all the rays will tend to pass through equal numbers of bright and dark voxels, giving a more uniform output image. Thus, the dominant fiber orientation can be determined by searching for the angle where the 3-D RT has the greatest variance. The peak 3-D RT variance for the volume in Fig. 10(b) is shown in Fig. 10(c) .
IV. RESULTS
A. Fiber Angle for Push Perpendicular to Fibers
The registered 14L5 B-mode and 4Z1C shear wave data for one acquisition when the push was perpendicular to the fibers is shown in Fig. 12(b) . The phase and group velocities measured in the coronal plane are shown in Fig. 12(c) , along with the true fiber orientation measured by 3-D RT, which is projected onto the plane. The errors in the fiber orientation estimated using phase and group velocity measurements were 1.6 and 1.9 , respectively. Note that some of this error includes the angle between the true fiber orientation measured using 3-D RT, and the image coronal plane, which was assumed to be a plane of symmetry in alignment with the fibers in the SWS experiment. This angle would be zero if the push was oriented perfectly perpendicular to the fibers in the SWS experimental setup. In this case, a slight tilt of 1.5 existed. The average error in the fiber orientation estimated using phase and group velocity when the push was oriented approximately perpendicular to the fibers for the six samples (total of six acquisitions) was and (mean standard deviation), respectively. The average tilt angle for the push due to misalignment in the setup procedure was over the six acquisitions.
B. Fiber Angle for Push Oblique to Fibers
The registered 14L5 B-mode and 4Z1C shear wave data for one acquisition when the push was oblique to the fibers is shown in Fig. 13(b) . The tilt angle for the plane of symmetry estimated using the displacement amplitude as described in Section III-C was 19.9 . In comparison, the true tilt angle measured by 3-D RT was 19.5 . The error in the 3-D fiber orientation from phase and group velocity measurements in the estimated plane of symmetry was 0.5 and 2.1 , respectively, for this case. Note that this overall error includes both inaccuracies in estimating the tilt angle (orientation of the plane of symmetry) using the displacement amplitude, as well as the fiber orientation within the plane of symmetry using the SWS.
The plane of symmetry orientation estimated for 30 acquisitions taken with a variety of push angles on the six samples is shown in Fig. 14(a) versus the true angle measured by 3-D RT. The average error in the estimated push angle was . The fiber orientation is estimated from the major axes of the fitted curves. True fiber orientation determined from the 14L5 B-mode using the 3-D RT is shown by the arrows. Error in the fiber orientation estimated from phase and group velocities in this case was 1.6 and 1.9 , respectively. Fig. 14(b) shows the displacement amplitude at the push focus as a function of push angle. The median peak displacement within 5 mm of the push axis and inside the focal depth-of-field (54-66 mm axially) was used to measure the push displacement amplitude. The overall 3-D error in the fiber orientation determined from phase and group velocity measurements in estimated plane of symmetry for the 30 acquisitions was and , respectively.
C. Shear Wave Speed
The mean and standard deviation of the estimated SWS along and across the fibers obtained from five different push angles (approximately 0 , 10 , 20 , 30 , and 40 ) on each of the six samples are shown in Fig. 15 . An outlier case for the phase velocity measurement along the fibers occurred for a push angle of 35 on sample 1. This acquisition had a push displacement Fig. 15 . Phase velocity and group velocity along and across the fibers averaged over the five push angles used for each sample (including the case when the push was perpendicular to the fibers). The diamond indicates an outlier phase velocity measured for a push angle of 35 on sample 1. amplitude of , which was the lowest of the 30 acquisitions [see Fig. 14(b) ]. While the estimated phase velocity along the fibers was incorrectly high for this case, the estimated phase velocity across the fibers, and group velocities for both propagation directions, were still consistent with those obtained using other push angles on this sample. In addition, the fiber direction was also correctly estimated (the error was 5.1 ) from the phase velocity measurements in this case.
V. DISCUSSION
Shear wave propagation induced by focused ARFI excitation can be monitored in 3-D using a 2-D matrix array transducer by electronically steering the tracking beam in both the lateral and elevation directions. In contrast, with conventional 1-D arrays, shear wave propagation can only be monitored in one plane unless the probe is physically repositioned, which limits the number of directions the SWS can be practically measured to assess anisotropy. Since a maximum of 64 parallel receive channels on the SC2000 scanner was available, 81 repeated ARFI excitations were required to monitor shear wave propagation at all the beam locations in the FOV used in this study. The number of repeat ARFI excitations could be reduced with more parallel receive channels or single channel data acquisition and software beamforming. Alternatively, the number of tracking locations could be reduced at the expense of spatial resolution, or different tracking locations could be interrogated in turn temporally at the expense of temporal resolution. The minimum time interval between repeated ARFI excitations using the HIFU piston is only physically limited by the shear wave tracking duration, which was 16 ms in this study. If the 81 pushes used to acquire data could be repeated at this rate, the total acquisition time would only be 1.3 s. Unfortunately, due to current software limitations for saving data on the SC2000, a lengthy delay of 22 s was necessary between excitations. If data transfer on the SC2000 could be made more efficient, then the long acquisition time of 30 min currently required could be reduced significantly.
One of the challenging aspects of performing shear wave imaging in skeletal muscle using conventional 1-D array ultrasound transducers is that the orientation of the transducer relative to the fibers is usually not known precisely. Visualization of muscle fibers in B-mode requires the use of a high frequency transducer, which is not always available. In addition, determination of the fiber orientation, which is 3-D in nature, from 2-D cross-sectional images is not a trivial task. Indeed, measurement of the true fiber orientation required scanning the muscle samples using a high frequency ultrasound transducer mounted on a translation stage in a separate experiment in this study. Due to the anisotropic SWS in muscle, misregistration of the imaging plane and the fibers can introduce error in the measurement of SWS along and across the fibers for quantification of the longitudinal and transverse shear moduli. A major advantage of monitoring shear wave propagation in 3-D using a 2-D matrix array is that both the phase and group velocity in all directions can be measured in a plane of symmetry of the muscle, as shown in Fig. 7 . This study has demonstrated that by fitting the theoretical relationship for SWS in a TI material [shown in (10) and (12)] to the measured speeds in different directions, the true fiber orientation can be estimated. This eliminates the need for knowledge of the fiber direction during imaging and enables the SWS along and across the fibers to be measured independent of the probe orientation.
The most straightforward imaging scenario for measuring SWS anisotropy in skeletal muscle using a 2-D matrix array is to orient the push axis perpendicular to the fibers. As shown in Fig. 6(a) -(c), this induces a shear wave in the image coronal plane, which is also a plane of symmetry of the muscle. The shear wave phase and group velocity in all directions relative to the fiber can therefore be measured using the shear wave data within this plane. In this study, the push axis was able to be oriented approximately perpendicular to the fibers by visual inspection, as the fibers of the ex vivo muscle samples ran parallel to their surface and were visible to the naked eye. For the six samples imaged, a fairly accurate alignment of the push axis was achieved using this procedure, with an average tilt angle of . In in vivo shear wave imaging scenarios, perpendicular alignment of the push axis to the fibers may be more difficult. First, the muscle plane of symmetry would not be visible to the naked eye as for the ex vivo samples. In addition, as mentioned previously, fiber orientation may not be visible in B-mode either if low frequency transducers are used for shear wave imaging. Finally, the acoustic window available for imaging in vivo may limit the physical orientation of the transducer. Therefore, in this study, data was also acquired on all the samples for the more general imaging case when the push is oblique to the fibers. It can be seen on Fig. 6(d) -(f) that in this configuration, shear wave propagation is still induced, but its plane of propagation occurs at an angle to the image coronal plane. The dominant direction of shear wave propagation can be found using the procedure shown in Fig. 8 . This angle is shown to correspond to the plane of symmetry orientation (tilt between the push and the fibers) in Fig. 13(b) and Fig. 14(a) . By calculating the phase and group velocity in the plane of symmetry determined using this procedure, the SWS along and across the fibers, and the fiber orientation can be estimated when the push is oblique to the fibers. The mean error in estimating the plane of symmetry for 30 acquisitions with various push angles up to approximately 40 was . This is only slightly larger than the error in alignment when attempting to position the push axis perpendicular to the fibers during imaging, which was . The overall 3-D fiber orientation error after estimating the angle of the plane of symmetry for the 30 acquisitions was for phase velocity measurements, and for group velocity measurements. This was slightly larger than the 3-D fiber orientation errors of and from phase and group velocity measurements for the six acquisitions when the push was perpendicular to the fibers and the image coronal plane could be assumed to be a plane of symmetry. As mentioned above, the error when attempting to align the push axis perpendicular to muscle fibers is likely to be greater in vivo , so the additional error associated with estimating the plane of symmetry orientation is not likely to be significant in practice.
Consistent values of SWS along and across the fibers were measured with different push angles, as shown by the error bar sizes in Fig. 15 . This suggests that SWS measurements can be made independent of the push angle. However, as Fig. 14(b) shows, the displacement amplitude at the push focus decreases as the push axis is tilted towards the fiber direction. This causes the shear wave amplitude to decrease for larger tilt angles, and makes accurate SWS measurements more challenging in these cases. Indeed, one outlier phase velocity measurement along the fibers occurred for a highly oblique push angle of 35 on Sample 1, shown by the diamond in Fig. 15 . This acquisition had the lowest displacement amplitude at the push focus of all the data-sets. Although the phase velocity along the fibers were incorrectly measured, the velocity across the fibers and the fiber direction were still estimated correctly from the phase velocity measurements for this case.
The decrease in ARFI displacement amplitude as the push is tilted towards the fiber direction can be explained by two directionally dependent factors. One is anisotropic acoustic scattering properties in muscle. It has previously been shown that the acoustic attenuation coefficient of skeletal muscle is a factor of 2 greater at 45 to the fibers than perpendicular to the fibers [53] . A higher acoustic attenuation leads to greater loss of energy in the near-field of the pushing beam, smaller radiation force amplitudes within the depth-of-field, and thus smaller displacement amplitudes at the focus [54] . The other factor is the anisotropic mechanical properties of muscle. Since the shear modulus is greater along the fibers than across, the effective stiffness in the push direction increases as the push angle varies from perpendicular to parallel to the fibers. Both of these factors contribute to the decrease in displacement amplitude near the excitation focus as the tilt angle of the push increases.
The ratio between the SWS along and across the fibers in all the samples was approximately 2:1, which is in agreement with the degree of anisotropy observed in skeletal muscle in other studies [10] , [20] , [21] . The range of SWS observed in this study is also consistent with that reported elsewhere [10] , [21] , [28] . Nevertheless, caution must be used in comparing absolute speed measurements in different studies due to the wide range of conditions under which imaging has been performed on muscle, whose stiffness is dynamic and can vary over two orders of magnitude [20] . In this study, ex vivo muscle samples embedded in agar were imaged. Although the SWS measured herein may not be representative of realistic values in vivo, fixing the muscles rigidly in agar enabled the true 3-D fiber orientation of the samples to be verified in this study.
The fiber orientation and SWS along and across the fibers obtained with phase and group velocity measurements were comparable. Additional smoothing of the arrival-times was performed spatially in order to calculate the phase velocity, and this is probably the cause of the smoother appearance of the phase velocity profile compared to the group velocity shown in Fig. 7(d) . However, as shown in the same figure, differences in the estimated SWS along and across the fibers from both sets of velocity measurements are small once the theoretical velocity curves are fit to the experimental data to provide additional smoothing.
The group velocity is perhaps the most intuitive measure of speed, and its relationship with direction has a clear physical interpretation as the wave surface. Group velocity measurement (along a ray from the source to an observer) is the approach usually taken to estimate the SWS in ultrasound based radiation force shear wave imaging methods. This is largely due to the fact that using conventional 1-D arrays for monitoring shear wave propagation only allows measurement of the SWS along a single ray from the radiation force excitation. By using a 2-D matrix array to track shear wave propagation in 3-D in this study, the local phase velocity at every spatial location was able to be measured. Phase velocity measurement has several advantages over group velocity in the context of anisotropy. Mathematically, phase velocity is a more tractable concept than group velocity. Expressions for phase velocity can be easily derived from Christoffel's equation, as shown in Section II-A. The group velocity, on the other hand, must be found parametrically from the phase velocity using the transformation in (11) . In the case of shear waves in TI media, an analytical expression exists for the group velocity (12) , but an analytical expression may not exist for other wave-modes. In addition, the phase velocity is always a single valued function of direction, whereas the group velocity can take on multiple values. Measurement of group velocity also relies on having a point source at a known location. In this study, the location of the push focus from the HIFU piston was known to be at the center of the FOV of the imaging array [44] . In addition, the focal geometry of the HIFU piston is axisymmetric and is a good approximation for a point source. When the location of the source is not known precisely, or the focus of the ARFI excitation is not axisymmetric, bias in group velocity measurements can occur [55] . In these situations, phase velocity measurements, which do not require the location or timing of the source to be known a priori, may provide a more accurate measurement of the SWS.
The effects of dispersion due to viscosity were neglected in this study as a first-order approximation. However, it has been reported that shear waves propagating in muscle is subject to appreciable dispersion due to viscosity [10] , [20] , [37] , [43] . In particular, Deffieux et al. and Gennisson et al. showed that the viscoelastic properties of muscle were anisotropic, with greater dispersion across the fibers than along the fibers [20] , [43] . Dispersion due to viscosity could also be analyzed using the data from the 2-D matrix array in this study, since a broadband excitation was used to induce shear waves. To analyze the effects of viscosity, the Fourier shear wave spectroscopy technique described by Deffieux et al. [43] could be applied. This method uses phase information of the Fourier transform to find the arrival-times of individual shear wave frequency components. It would be relatively straightforward to substitute the arrival-times measured using the TTP in this study with the phase information from Fourier analysis to account for the effects of both anisotropy and viscosity on the SWS. This would allow the SWS to be characterized both as a function of frequency and direction. Such analysis was outside the scope of this paper, but will be investigated in future studies. Shear wave imaging using a 2-D matrix array could thus potentially be a valuable tool to assess viscoelastic anisotropy in tissue.
In this study, only shear wave propagation was observed in muscle when the push was oblique to the fibers. However, it should be theoretically possible to also generate the quasi-shear wave-mode, which was described in Section II-A. In particular, the wave propagating in the coronal plane should be a superposition of shear and quasi-shear wave modes for an oblique push. However, no evidence of any change in the wavefront shape in this plane was observed when the push axis was tilted. As shown in Fig. 6(d) -(f), the wavefront still appears elliptical for an oblique push, and the velocity measurements in this plane still fits the theoretical relationship for a shear wave, as shown in Fig. 9(b) . It is possible that the wave amplitude is dominated by the shear wave mode, or that the difference between shear and quasi-shear wave speeds is too subtle to allow clear separation of the two wave modes within extent of the imaging FOV. If the quasi-shear wave speed could be quantified, it would allow the ratio between the Young's moduli along and across the fibers for a TI material in the limit of incompressibility to be determined [21] . This parameter, along with the shear moduli along and across the fibers, would allow an incompressible TI material to be completely characterized.
Another interesting finding of this study is that when the push is oblique to the fibers, the dominant direction of wave propagation occurs along the fibers, as shown in Fig. 13(b) . This effect was used to find the push angle in Section III-C. The wave amplitude at an angle to the fibers is significantly smaller, which cannot be explained by transverse isotropy alone. Some other effect, such as the fibers acting as wave guides or directional dependent shear wave attenuation due to viscoelastic anisotropy are possible explanations, and should be investigated in future work.
The muscle samples imaged in this study were approximately homogeneous and their fiber directions were uniform within the imaging FOV. Hence, TI, which is the simplest model of anisotropy, could be used to model their behavior. Shear wave data within a single plane of symmetry is sufficient for characterizing the anisotropic SWS in this case. Future studies with the 2-D matrix array could be performed in media with more complicated structure, such as the myocardium, which is known to have layers of fibers in different orientations [18] . In this case, SWS anisotropy would vary as a function of depth and require data in multiple planes to be analyzed.
One disadvantage of using the HIFU transducer for ARFI excitation in this study is that it has a fixed focus at only one location, resulting in a limited depth-of-field of 12 mm over which the shear wave can be approximated as planar. Due to the high cost of the transducer and potential for damage to the electronics within the probe handle at ARFI intensities, ARFI excitation using the 4Z1C 2-D matrix has not yet been attempted in our lab. However, this could be an option in the future with continued improvements in transducer technology. Having the capability to spatially modulate the acoustic radiation force excitation in 3-D using a 2-D matrix array would open new possibilities in shear wave imaging. For example, a supersonic excitation [9] could be implemented to extend the excitation depth-of-field, which could potentially be advantageous in mapping 3-D fiber orientations that varies with depth.
The separate HIFU transducer used for ARFI excitation in this study is suitable for long duration high intensity ultrasound excitations, unlike conventional diagnostic transducers. Therefore, this system could be used to investigate 3-D shear wave imaging using harmonic shear wave excitations similar to the SDUV method described by Chen et al. [10] . This would allow the frequency of the shear wave used for imaging to be precisely controlled. In addition, the combined 4Z1C/HIFU system could potentially be used to study monitoring of therapeutic procedures performed by the HIFU transducer.
VI. CONCLUSION
Using a 2-D matrix array transducer to monitor ARFI induced shear wave propagation in 3-D, the 3-D muscle fiber orientation, as well as the SWS along and across the fibers can be estimated from a single shear wave acquisition. Moreover, these measurements can be performed independent of transducer orientation with respect to the fibers. Both the phase and group velocity can be measured from 3-D shear wave data, and either velocity can be used to estimate the fiber direction and SWS along and across the fibers with comparable results. When the ARFI push axis can be oriented perpendicular to the fibers, shear wave data within the image coronal plane can be used to measure SWS and fiber orientation. The average 3-D fiber orientation error measured by phase and group velocities in six muscle samples when the push was approximately perpendicular to the fibers were and , respectively. For the more general imaging case when the push is oblique to the fibers, the angle between the push and the fibers can be estimated by finding the direction along which shear wave amplitude is the largest. For 30 acquisitions in the six muscle samples with oblique push angles of up to 40 , mean errors in the measured 3-D fiber orientation were and from phase and group velocity measurements respectively, after estimating the push angle. Although the 3-D fiber orientation can be estimated when the push is not perpendicular to the fibers, the ARFI induced shear wave displacement amplitude decreases as the push is tilted towards the fibers. For this reason, outlier estimates of the SWS can occur for highly oblique push angles.
